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Purpose: Vein or artery occlusion causes a hypoxic environment by preventing oxygen
delivery and diffusion to tissues. Diseases such as retinal vein occlusion, central retinal
artery occlusion, or diabetic retinopathy create a stroke-type condition that leads to
functional blindness in the effected eye. We aim to develop an oxygen delivery system
consisting of oxygen nanobubbles (ONBs) that can mitigate retinal ischemia during a
severe hypoxic event such as central retinal artery occlusion.

Methods: ONBs were synthesized to encapsulate oxygen saturated molecular medical
grade water. Stability, oxygen release, biocompatibility, reactive oxygen species, super-
oxide, MTT, and terminal uridine nick-end labeling assays were performed. Cell viability
was evaluated, and safety experiments were conducted in rabbits.

Results: The ONBs were approximately 220 nm in diameter, with a zeta potential of
—58.8 mV. Oxygen release studies indicated that 74.06 ug of O, is released from the
ONBs after 12 hours at 37°C. Cell studies indicated that ONBs are safe and cells are viable.
There was no significant increase in reactive oxygen species, superoxide, or double-
stranded DNA damage after ONB treatment. ONBs preserve mitochondrial function and
viability. Histological sections from rabbit eyes indicated that ONBs were not toxic.

Conclusions: The ONBs proposed have excellent oxygen holding and release properties
to mitigate ischemic conditions in the retina. They are sterile, stable, and nontoxic.

Translation Relevance: ONB technology was evaluated for its physical properties,
oxygen release, sterility, stability, and safety. Our results indicate that ONBs could be a
viable treatment approach to mitigate hypoxia during ischemic conditions in the eye
upon timely administration.

treatment window, physicians can prescribe vasodila-

Introduction

Central retinal artery occlusion (CRAO) is akin
to an acute stroke in the eye owing to inner
retinal ischemia. CRAO constitutes an ophthalmic
emergency resulting in irreversible blindness if not
treated promptly.!> In humans, a window of oppor-
tunity for intervention exists between 24 and 36 hours
after the insult. Spontaneous reperfusion occurs in 90%
of cases at 72 hours.>-* If the patient presents within the
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tors, inhalation of 95% oxygen/5% carbon dioxide,
hyperbaric oxygen treatment, or thrombolytic therapy,
or perform ocular message or laser and anterior
chamber paracenesis.’>>® However, clinical studies
have not shown evidence that these interventions are
effective or can improve visual outcomes in patients.’
The incidence rate of CRAO is about 2 in 100,000
person-years, with men more susceptible than women.
In the 80 to 84 year age group, cases reach 9.85 per
100,000 person-years.® In a global study, of all patients
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entering an institution, 6 to 15 patients per year
presented with CRAO.”!* These patients experienced
retinal ischemia, with impaired oxygen metabolism,
decreased total retinal blood flow, and diminished
oxygen delivery. Experimental ischemia models of the
eye have shown that oxygen metabolism is signifi-
cantly lower than sham experiments.'?!° Blair et al.'*
introduced graded ischemia in the eye and measured
retinal blood flow, oxygen delivery, and oxygen extrac-
tion fraction among other measurements that showed
even in partial occlusion, there is a potential for retinal
damage. Human studies of the eye in those with sickle
cell disease,'® diabetes metellus,!” and those breath-
ing 12% to 15% oxygen'® showed decreased oxygen
extraction fraction, decreased oxygen metabolism, and
decreased oxygen delivery similar to that in Blair et
al. These studies have shown that oxygen delivery is
critical to normal retinal function, and even slightly
hypoxic environments can have a substantial effect on
eye health.

The retina is a complex structure with 10 distinct
layers. Yu et al."” recorded the oxygen metabolism in
the following retinal layers: retinal ganglion cells, top
and bottom of the inner plexiform layer, and the inner
segments. With a lasered occlusion model and a treat-
ment of inhaled oxygen between 20% and 100%, a
notable change in oxygen diffusion across the retina as
deep as approximately 300 um, which corresponds with
the inner segment of the photoreceptors, was noted."”
The remaining layers of the retina, from the inner
nuclear layer to the retinal ganglion cell and nerve fiber
layer remained anoxic.

Nanobubbles (NBs) are formally classified by the
ISO 20480-1_2017 as ultrafine bubbles with a diame-
ter of less than 1 um.?® NBs can be produced using
various materials that are composed of the shell entrap-
ping a gas core.”’-?! The shell interacts with the environ-
ment and, therefore, the properties of the shell signif-
icantly influence the ability of NBs to be taken up
by a cell to elicit a specific response.”! Addition-
ally, the composition of the shell can affect the half-
life, elasticity, shelf-life, and stability of the synthe-
sized NBs.?! Lipids, polymers, lipid—polymer blends,
or proteins are the most common methods of encap-
sulating gases.’! ?* Lipids are the preferred method
of synthesizing NBs because of their biocompatibil-
ity, ease of gas release, biodegradability, and ease of
ultrasonic vibration.?>>* Furthermore, lipid shells can
be ruptured by ultrasound to enhance oxygen release to
the cells.”! However, lipids alone are unstable and tend
to aggregate into larger particles. Polyethylene glycol,
cholesterol, or other polymers can be added to stabi-
lize the lipid shell.?!~?* Polymers have been used for NB
shell formulation because of their tunable molecular
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weight, polymer type, and functionalization that can
enhance specific properties of the bubbles.?!-?° Proteins
used as NB shells are more stable than lipid shells
and are able to self-assemble under specific circum-
stances.”! NBs with protein shells also allow for limited
diffusion,?? providing a constant release of a therapeu-
tic gas. Other functional proteins, such as avidin or
human serum albumin used in Albunex, which has been
approved by the US Food and Drug Administration
(FDA),?¢ can have specialized functionality.??-?*

Most of the past work involving oxygen entrapped
NBs have focused on cancer treatments.?” ' In
addition to NBs being extensively used for imaging
in mice,>* other applications include wound
healing,¥** plasmid delivery in vitro,>"**¢ hypoxia
mitigation in the recent coronavirus disease 2019
pandemic,*’ and nonmedical applications such as soil
aeration,®® controlling harmful eutrophication,* and
evaluating plant, fish, and animal growth.>

Compared with the NBs described elsewhere in
this article, oxygen NBs (ONBs) with the dextran-
based shell discussed in this application exhibit unique
properties with significant potential to treat retinal
ischemia. Dextran is an FDA-approved chemical and
enhances the solubility and biocompatibility of the
oxygen delivery platform.>! In this work, we have evalu-
ated the ONBs physical properties and assessed their
oxygen release and retention properties. Furthermore,
we evaluated the sterility, stability, uptake, cell viabil-
ity, and mitochondria response in retinal cell cultures.
In vivo toxicity was also evaluated in rabbit eyes.

Dextran ONBs Synthesis

The synthesis of ONBs was conducted per our
previously published protocol with modifications> to
achieve extended oxygen release characteristics and
improved stability. Briefly, palmitic acid (P0500-25G,
Sigma, St. Louis, MO) was dissolved in a 100% ethanol
solution (2701, Decon Laboratories, King of Prussia,
PA) and other chemicals were prepared as an aqueous
solution. The solutions were then sonicated (SFX 250,
Branson, Danbury, CT) under pulse mode with 30
seconds sonication on and 40 seconds sonication off
for a total sonication time of 5 minutes at 25% ampli-
tude, total process time of 11 minutes. Before synthe-
sis, 10 mL of biograde water (SH30538.03, Cytiva
Life Sciences, Marlborough, MA) was bubbled with
pure oxygen for 30 minutes at a pressure of 30 psi to
ensure that the water is saturated. To 10 mL of oxygen
saturated water under 50% amplitude and oxygenation,
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0.2 mL of 0.045% potassium chloride (P9541-500G,
Sigma) aqueous solution was added. The obtained
solution was subjected to a sonication cycle with 30
seconds on, 40 seconds off, and repeated two times.
Then, 0.6 mL of 0.23% Epikuron 170 (DS-Soya PC80-
C, Solus Advanced Materials, Seoul, South Korea) was
added to the solution and sonicated for 30 seconds on,
40 seconds off for a total of 1 minute of sonication.
The following chemicals were added and subsequently
sonicated for 2 cycles: 0.4 mL of 0.028% TPGS (D-«-
Tocopheryl Polyethylene Glycol Succinate, 57668-5G,
Sigma), 1 mL of 0.9% dextran (67578-5G, Sigma), 0.3
mL of 0.19% palmitic acid (P0500-25@G, Sigma) and
0.4 mL of 0.4% trehalose (T5251-10G, Sigma). The
resulting mixture was sonicated for four more cycles
and the obtained ONBs were filtrated with 0.22 um
polyethersulfone membrane filter into a 20-mL glass
vial, which was then oxygen saturated and sealed with
a rubber stopper and aluminum cap. Parafilm was used
to further seal the cap to prevent possible leakage of
oxygen.

Fluorescent ONBs (FONBs) were synthesized as
noted above, with additional modifications. First,
Dextran-FITC (74817, Sigma) was substituted for
dextran during the synthesis at a concentration of
9 mg/mL. Additionally, 400 pL. of aqueous acridine
orange (10 mg/mL, 318337, Sigma) was added to 3.6
mL of ONBs. The bubbles were then dispensed into
round bottom tubes and shaken overnight at room
temperature at 70 RPM. The following day, the NBs
were centrifuged at 50,000xg for 45 minutes under
vacuum. The supernatant was removed, and the ONBs
were resuspended in fresh deionized water. The bubbles
were centrifuged at the same settings and washed six
times to remove unbound acridine orange. The acridine
orange-labeled dextran-FITC NBs were stored at 4°C
and used within 48 hours.

NB Characterization

The particle diameter and zeta potential of ONBs
were evaluated with a Litesizer 500 particle-sizing
system from Anton Paar (Ashland, VA). The concen-
tration of ONBs was determined with NanoSight
NS300 from Malvern Panalytical (Nottingham, UK)
and the TEM image was obtained with a Thermo
Fisher FEI Tecnai G2 F20 S-TWIN STEM (Waltham,
MA) instrument with an operating voltage at 200 kV.

Measurement of Oxygen in NBs

The oxygen-holding capacity of ONBs was deter-
mined in a hypoxia chamber at 37°C and room temper-
ature based on its release. The chamber was purged
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with nitrogen to decrease the oxygen concentration
in the chamber to less than 0.1% within 65 minutes.
Deoxygenated water was prepared by bubbling nitro-
gen into water for 1 hour. The ONBs were mixed
with deoxygenated water in a 4:6 ratio and the oxygen
concentration in the mixture was monitored with a
Thermo Fisher Scientific Orion Versa Star Pro DO
Benchtop Meter (Ottawa, Ontario, Canada) fitted with
an optical dissolved oxygen probe using the timed
measurement model with 1-minute intervals.

Oxygen Release Studies

To track oxygen release from ONBs, a test system
simulating an ischemic environment was designed.
Briefly, the optical probe was placed in a glass tube
1.7 cm in diameter and sealed with parafilm to isolate
the oxygen exchange in the tube and the environment.
The ONBs were mixed with deoxygenated water at a
1:9 ratio and the solution was injected into the glass
tube and was further sealed with parafilm. The oxygen
release was monitored with the dissolved oxygen
meter using the timed measurement model at 1-minute
intervals.

Effect of pH on ONBs

To assess the effect of pH on oxygen release, the
ONBs were mixed with various deoxygenated buffers
at 1:9 ratio to obtain mixtures at different pH levels.
The measurement method described elsewhere in this
article was used for oxygen release studies.

Evaluation of Sterility

Soybean-casein digest media was made follow-
ing the U.S. Pharmacopeia Sterility <71> recipe.
Briefly, casein peptone 1.7 w/v % (R451102, Remel
Products, Waltham, MA), Peptone S (soy peptone) 0.3
w/v% (30620061-1, BioWorld, Dublin, OH), sodium
chloride 0.5 w/v% (VW6430-1, VWR, Radnor, PA),
dibasic potassium phosphate 0.25 w/v % (7088-04,
Mallinchrodt Chemicals), and dextrose 0.23 w/v %
(G7021-100G, Sigma) were dissolved in 1 L of purified
water. The pH was adjusted to 7.3 £ 0.2 using 1 M
NaOH and sterilized via autoclave. ONBs were synthe-
sized the day before the experiment and stored at
4°C overnight. The following day, 9 mL of soybean-
casein digest media was added to 1 mL of ONBs
in sterile 50-mL tubes. Two additional controls used
are biograde water only (1:9 ratio of water:media)
and media only. For a positive control, additional
50-mL tubes were directly inoculated with one of
the following: Bacillus subtilis, Staphylococcus aureus,
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Pseudomonas aeruginosa 14, Or Pseudomonas aerugi-
nosa 01. All samples were incubated at room tempera-
ture. The optical density was read with an Eppendorf’s
BioPhotometer with 1 mL of the sample in a clean
cuvette with 1x phosphate-buffered saline (PBS) as a
blank. The sample was then returned to the respective
50-mL tube and incubated at room temperature. After
6 days, the bacteria-inoculated samples were pale owing
to diminishing nutrients and cell death, and subse-
quently bleached. Each group had five technical and
five biological replicates.

Cell Culture

Muller (ENWO001, Kerafast, Boston, MA) and
R28 (EUR201, Kerafast) cells were cultured in 5%
CO, humidified incubator at 37°C. The culture media
for Muller cells consisted of DMEM (10-017-CV,
Corning, Corning, NY) supplemented with final
concentrations of 1% Pen-Strep (17-6020E, Lonza,
Basel, Switzerland), 10% fetal bovine serum (16140
071, Gibco, Waltham, MA), and additional 1% L-
glutamine (3772, Carl Roth, Karlsruhe, Germany). The
culture media for the retinal cell line R28 consisted of
the following: DMEM (10-013-CV, Corning) supple-
mented with 1x MEM nonessential amino acids
(11140-050, Gibco), 1% Pen-Strep, 10% bovine calf
serum (30-2030, ATCC, Manassas, VA), sodium bicar-
bonate (15 mL of 7.5 w/v %, 7412-12, Mallinckrodt
Chemicals, St. Louis, MO), and L-glutamine (5 mL
of 200 mM stock, 3772, Carl Roth). We used 1x
PBS to dilute Trypsin-EDTA (25-053-CI, Corning) 1:3
for Muller cells. CMF-EDTA was used as the trypsin
dilutant for R28 cells. The recipe for CMF-EDTA was
followed as outlined by the R28 care document from
Kerafast.

ROS and Superoxide Determination

The ROS and Superoxide Detection assay kit
(ab139476, Abcam, Waltham, MA) was used to deter-
mine the level of ROS and superoxide after ONBs treat-
ment following the manufacturer’s instructions. Briefly,
Muller and R28 cells were cultured in a 96-well black-
walled, clear bottom plate overnight to ensure attach-
ment. The following day, the cells were treated with
ONBs at the following concentrations for 24 hours: 0.1,
0.5, and 1.0 mg/mL of ONBs, and shell at 0.5 mg/mL
(no O3). Additionally, the supplied ROS enhancer,
procyanin, was used as the positive control at a concen-
tration of 350 uM, and the included ROS inhibitor
N-acetyl-L-cysteine at 5 mM was used as a negative
control. Finally, the detection solution was incubated
with the cells for 60 minutes at 37°C and read at 488
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nm for ROS, and 550 nm for superoxide levels. Each
group had a total of eight replicates.

Dark-field Imaging

The uptake of ONBs was evaluated with hyperspec-
tral dark-field microscopy.®*® The cells were cultured on
gelatin-coated coverslips for 24 hours for proper adher-
ence. The media was then replaced by buffered FONBs
at concentrations of 1.00, 0.75, 0.50, 0.100 mg/mL or
no treatment and incubated at 37°C for 4 hours. The
slides were then gently washed with 1x PBS and fixed
using 3.7% neutral buffered formaldehyde. To identify
FONBs, a unique spectral library with FONBs only
was created. A standard spectral angle mapper was
used to obtain spectra, similar to that of FONBs in
treated cells. The estimates were performed with the
CytoViva ENVI software.

Cellular Uptake

R28 and Muller cells were cultured in 5% CO,
humidified incubators at 37°C. At 10,000 cells per
well, the cells were grown over night in a 96-well
plate to ensure attachment. FONB solution was gently
mixed by inversion to ensure homogenous distribution
of bubbles. The FONBs were applied to the cells at
concentrations of 1.00, 0.75, 0.50, 0.100 or 0 mg/mL
for 4 hours at 37°C. The cells were washed three times
with 1x PBS to remove unbound FONBs and lysed
using 1% triton X-100 to release the uptaken NBs. A
FONB standard with various known concentrations
was read at 488 nm, and an equation relating FONB
concentration to fluorescence intensity was used to
measure the number of bubbles that were taken up by
the cells. Additionally, the groups were normalized by
protein content to compare between cell types using
the Pierce BCA Assay by Thermo Fisher Scientific
following manufacturer’s instructions. By dividing the
number of FONBs uptaken by the protein content,
the relative amount of FONBs that were taken up was
determined.

Cell Viability Studies

Viability Assessment in a Normoxic Environment

R28 and Muller cells were cultured in a 96-well
plate at 10,000 cells per well overnight. The following
morning, oxygen loaded NBs at 1.00, 0.75, 0.50, 0.10,
and 0.50 mg/mL Shell in 1x PBS buffer were added
to the cells for a total for 24 hours. After which an
MTT (M6494, Invitrogen, Waltham, MA) assay was
performed per manufacturer’s instructions. Each group
had a total of eight replicates.
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A terminal uridine nick-end labeling assay (4812-30-
K, R&D Systems, Minneapolis, MN) was performed to
determine cell death from oxygen-loaded NBs by evalu-
ating double-stranded DNA (dsDNA) breaks follow-
ing the manufacturer’s instructions. Briefly, Muller and
R28 cells were cultured on gelatin-coated slides until
80% confluent. Then, ONBs were synthesized and
added to each slide at concentrations of 0.1 mg/mL,
0.5 mg/mL, and 1.0 mg/mL or treated with 0.5 mg/mL
of the Shell (no O;). The no treatment (NT) group
served as the negative control and cells treated with
TACS-nuclease were treated as positive controls. DAPI
staining solution (ab228549, Abcam, Cambridge, UK)
was used to stain the nuclei following the manufac-
turer’s instructions. DAPI was visualized at 405 nm and
dsDNA at 488 nm. Each treatment had two replicates
with four images taken per replicate.

Viability Assessment in a Hypoxic Environment

R28 and Muller cells were cultured in a 96-well plate
at 10,000 cells per well overnight. The following day,
cells were either subjected to normoxic conditions for
6 hours or 6 hours of hypoxia (5% O;, 5% CO,, 90%
N,) with the addition of ONBs at 1.00, 0.75, 0.50, or
0.10 mg/mL, shell (no O;) at 0.5 mg/mL, or no treat-
ment. An MTT assay was the performed per manufac-
turer’s instructions to determine viability. Additionally,
cells were normalized via protein content as described
previously.

Seahorse Mitochondrial Stress Test

First, R28 and Muller cells were optimized
for cell seeding density and carbonyl cyanide P-
(trifluromethoxy) phenylhydroazone (FCCP) concen-
tration. FCCP is an uncoupling agent that disrupts
the mitochondrial membrane potential. Once admin-
istered, the electrons can freely bind to O, and the
maximal respiration can be measured. FCCP needs to
be titrated to measure the maximal respiration without
causing toxicity to the cells. Briefly, cells were seeded
at 5000, 10,000, 20,000, or 40,000 cells per well and
treated with FCCP at 0.5, 1.0, 1.5, or 2.0 uM concen-
trations. Based on optimization (Supplementary Fig.
S1, Supplementary Fig. S2), R28 and Muller cells had
optimal readings at 5000 cells/well and treated with
1.5 uM of FCCP.

For NB treatments, R28 and Muller cells were
seeded at their optimized density and incubated
overnight under normal conditions (5% CO,, 37°C).
The following day, ONBs were added to the cells in
groups of 0.75 mg/mL ONBs, 0.50 mg/mL ONBs, 0.10
mg/mL ONBs, 0.75 mg/mL Shell (no O3), 0.50 mg/mL
Shell (no O,), 0.1 0mg/mL Shell (no O;), or vehicle only
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(1x PBS buffer). The cells were then placed in a humid-
ified hypoxia chamber and subjected to 5% CO,, 5%
0O,, and 90% N, for 6 hours, after which, the Seahorse
Mitochondria Stress Test assay was conducted with
the optimized FCCP concentration. Each group had
a total of eight replicates. The cell number was quanti-
fied by first staining each well with Hoechst and imaged
using the DAPI channel on the Cytation 5 Multimode
Reader. The imager takes an image of each well and
counts the positively labeled cells. The results of the cell
count were used in the Wave software for normalization
of the Mitochondria Stress Test.

Animal Husbandry and Intravitreal Injection

The following experimental protocol adhered
to ARVO’s statement for the Use of Animals in
Ophthalmic and Vision Research. The study used here
was approved by the Institutional Animal Care and
Use Committee of the University of Illinois Chicago
Pharmacology Department in the Toxicology Research
Laboratory following UIC/TRL Study No. 869.

Six male New Zealand white rabbits were housed
in an Association for Assessment and Accreditation
of Laboratory Animal Care International-accredited
facility with a 12-hour light/12-hour dark cycle, fed
a high fiber rabbit chow and water ad libitum. The
animals were allowed to acclimate for 7 days before
injection and randomly placed into two groups. On
the day of the procedure, the rabbits were anesthetized
with ketamine/xylazine at 30/3 mg/kg and the pupils
were dilated using topical 10% phenylephrine and 1%
cyclopentolate, followed by a drop of proparacaine
hydrochloride 0.5%, and a rinse with sterile saline. A
30G needle was used to inject 25 uL of sterile ONBs
solution or saline. After the injections, a triple antibi-
otic ophthalmic ointment was administered. Intraoc-
ular pressure (IOP), body weight, and ophthalmic
examinations were conducted at days 0, 3, and 7.
After 7 days, the animals were sacrificed and the eye
enucleated. The enucleated eyes were stored in ethanol,
cryosectioned, and stained with hematoxylin and eosin.
An independent observation and examination of the
slides was provided by a board-certified veterinar-
ian, Dr Jonathan P. Samuelson (Anatomic) from the
Veterinary Diagnostic Laboratory at the University of
Illinois at Urbana-Champaign.

Statistical Analyses

Statistical analysis was conducted with R Studio
statistical software. For ROS, Superoxide, viability
analysis, and mitochondrial stress test, n = 8 replicates
were evaluated for each cell line. Evaluation of cellular
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uptake had an n = 4. A one-way analysis of variance
followed by a post hoc Tukey test was used to deter-
mine statistical differences between groups.

Morphology of the ONB Nanoparticles

The hydrodynamic size of ONBs was measured as
218.71 £ 51.05 nm, whereas the zeta potential was —
58.8 £ 1.3 mV. Size distribution of ONBs was recorded
as shown in Figure 1A, and Figure 1B shows a typical
TEM image of an ONB. The TEM samples of ONBs
were stained with 1% uranyl acetate. It can be noted
that ONBs are nanospheres with hollow cores as seen
from the TEM image (Fig. 1B).

Oxygen Capacity of ONBs Samples

In the hypoxia chamber, the oxygen level that could
be maintained can be as low as 0%, so that the ONBs
could release all the stored oxygen into the hypoxia
chamber. Thus, the oxygen measured in the hypoxia
chamber would provide information on the amount
of oxygen stored in ONBs. To characterize the total
amount of oxygen in ONBs, oxygen release exper-
iments were conducted in the hypoxia chamber at
37°C and room temperature. A solution of freshly
prepared ONBs and deoxygenated water at a 4:6 ratio
was tested. The change in oxygen concentration over
12 hours was monitored and the results were illus-
trated in Figure 2. As seen from Figure 2, the oxygen
concentration decreases faster at 37°C than at room
temperature. A rough calculation was conducted based
on the initial and final oxygen concentration in the
tested mixture and its volume. It shows that there is
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Figure 2. Oxygen release profile at varying temperatures. Oxygen
concentration monitoring in hypoxia chamber at 37°C and room
temperature of mixtures of ONBs.

approximately 74.06 pg of oxygen released from the test
sample containing 7.84 mL of buffer mixture contain-
ing 3.14 mL of ONB:s solution.

Release of Oxygen in NBs

The release of oxygen from ONBs depends on the
oxygen concentration gradient across the ONBs shell.
To replicate the oxygen release in a hypoxic retina, an
isolated system was created where ONBs were injected
into deoxygenated water. The oxygen released would
then be determined by the difference in oxygen level
inside the ONBs and that in hypoxia. When the oxygen
concentration across the ONB shell has stabilized, the
oxygen release from ONBs would be decreased to
a negligible amount owing to the low concentration

100 nm

ONB size. Size distribution of ONBs measured by dynamic light scattering (A). TEM image of a typical dextran ONB (B).
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Figure 3. Oxygen release profiles at varying pHs. (A) Change in oxygen concentration upon release in isolated hypoxic system. The black
line represents the average oxygen concentration, and the grey area depicts the standard deviation from 3 replications. (B) Oxygen concen-
tration change with respect to pH. The pH of the sample in water is 7.0.

gradient. To simulate this procedure, a sealed test
system was created and the ONBs samples were mixed
with deoxygenated water as a model system to evalu-
ate oxygen release. The change in oxygen concentra-
tion in the isolated system was recorded to deter-
mine the amount of oxygen released from ONBs.
Figure 3A shows a typical change in oxygen concentra-
tion in the solution of ONBs and deoxygenated water.
The oxygen concentration in deoxygenated water is
2.45 + 0.24 mg/L, whereas the oxygen concentration in
the mixture of ONBs and deoxygenated water is 4.53
+ 0.59 mg/L immediately after the mixing (0 minutes
in Fig. 3A). During the experiment, oxygen increased
from 4.53 + 0.59 mg/L to 5.61 + 0.47mg/L after 500
minutes of release in an isolated environment, as shown
in Figure 3A. Additionally, separately prepared ONBs
were exposed to air for 1 week where the oxygen level
in ONBs samples were in equilibrium with that of air.
The exposed NBs were tested, and the concentration
of oxygen was estimated as 3.29 4 0.12 mg/L (data not
shown). Therefore, the higher concentration of oxygen
in the ONBs should be attributed to the oxygen stored
in the ONB:s.

Effect of Buffers on ONB Release Profile

The pH of the environment is critical for oxygen
release studies since the OH ions may interact with the
components of the shell of ONBs to result in a change
in zeta potential,’*>> and, therefore, its physical proper-
ties. The oxygen release characteristics of ONBs was
evaluated in various pH conditions to assess stability,
and the results are shown in Figure 3B. In the pH range
of 4.5 to 8.3, the difference in oxygen concentration
was not significant. Meanwhile, the oxygen release of

ONBs in water (pH 7.0) was similar to other mixtures
made with deoxygenated buffer, suggesting that the
ionic strength of the solution would not influence the
oxygen release properties of ONB:s.

Sterility of ONBs

After the US Pharmacopeia Sterility Tests <71>,
the sterility of NBs was investigated.>* After the first
day, obvious bacterial growth was noted in the B
subtilis, P aeruginosa 14, P aeruginosa 01, and S aureus
positive control samples. After 6 days, the bacteria
samples were terminated owing to the lowering of
optical density, indicating cell death. During this time,
the NB samples continued to show no bacterial growth,
and were visually clear throughout the testing timeline
(Fig. 4A).

Owing to the nature of oxygen and hypoxic environ-
ments, the potential of ONBs to form reactive oxygen
species (ROS), or, more specifically superoxide, was
assessed. The various concentration of NBs tested in
Muller and R28 cells had significantly lower ROS and
superoxide levels compared with the positive control,
pyocyanin (P < 0.0001) (Figs. 4B, 4C). Addition-
ally, the difference between the negative control, ROS
inhibitor N-acetyl-L-cysteine, and ONBs at the evalu-
ated concentrations was not statistically significant.
These results show that ONBs do not induce ROS or,
more specifically, superoxide.

Cell Viability and Uptake

In this experiment, the uptake of ONBs by differ-
ent retinal cells were evaluated. Muller cells have
been shown to contain mannose receptors,” whereas
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Figure 4. Sterility and ROS evaluation in retinal cells. (A) Optical density of NBs in the soybean-casein digest media with bacteria over time
(n=15).(B) ROS generation after exposure to R28 and Muller cells with different concentration of ONBs (n = 8). (C) Superoxide levels in retinal
cells after treatment (n = 8). NT, no treatment; Negative control, N-acetyl-L-cysteine; Positive control, pyocyanin. All data shown as mean £+

standard deviation. ***P < 0.0001; *P < 0.05.
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Uptake of ONBs by retinal cells. (A) Quantitative representation of fluorescent acridine orange labeled ONBs (n = 4). NT, No

treatment. All data are represented as the mean =+ standard deviation. (B) Darkfield images of Muller cells and R28 cells. Cellular uptake of
fluorescent NBs (green). Scale bar, 10 um. Original magnification x40.

R28 cells contain neuron- or glial-like receptors, but
a highly diminished or absence of mannose recep-
tors.’® 3% Although the main mechanism of nanopar-
ticle uptake was via clatherin-dependent endocyto-
sis,”>% the clustering of mannose receptors by the NBs
is expected to induce endocytosis leading to a higher

uptake of NBs.>* The uptake of ONBs was found to
be dose dependent (Fig. 5A), indicating that the NBs
will continue to uptake ONBs in a dose-dependent
manner to allow for a higher dose based on oxygen
needed. In Figure 5B, dark-field images of ONBs in
retinal cells are provided and show the uptake in Muller
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Figure 6. Viability of retinal cells post NB treatment. (A) MTT Viability assay of R28 and Muller cells after treatment with oxygen loaded NBs
for 24 hours in normoxia. NT, No treatment. Data are shown as the mean =+ standard deviation (n = 8). Representative images of terminal
uridine nick-end labeling assay of Muller cells (B) or R28 cells (C) after 24 hours of exposure of O,-loaded NBs at 0.1 mg/mL, 0.5 mg/mL,
1 mg/mL, Shell at 0.5 mg/mL (no O,), no treatment, and positive control of TACS-nuclease treated cells. Scale bar, 5 pm.

cells was greater than R28 cells. Oxygen-loaded dextran
NBs were added to Muller and R28 cells and viabil-
ity assessed after 24 hours. Cell viability experiments
were assessed by MTT assay (Fig. 6A), and DNA
damage with terminal uridine nick-end labeling assay
(Figs. 6B, 6C). The MTT assay indicates that there was
no significant cell death for the different concentrations
tested compared with nontreated cells at normoxic
conditions. Supporting this finding, we found that there
is no dsDNA breakage in the Muller and R28 cells,
indicating that the ONBs are safe.

To test for the efficacy of ONBs in vitro, Muller
and R28 cells were kept in a hypoxic chamber for
6 hours to evaluate its potential to rescue cells in
hypoxia. The MTT assay indicated that the 0.1 mg/mL
ONB, 0.5 mg/mL ONB, and the shell significantly
lower cell viability compared with the NT normoxia
Muller cells and, therefore, was not effective in rescu-
ing the cells from hypoxia. The dose of 1.00 and
0.75 mg/mL of ONBs was able to sustain Muller cells
and had increased viability similar to that of Muller
cells at normoxic conditions (Fig. 7). When R28 cells
were treated with 1 mg/mL of ONBs, the cell viability
was significantly greater than no treatment in hypoxia.
However, 1| mg/mL of ONBs was not able to increase
the cell viability of R28 cells to the same level as that of

normoxic conditions. All other concentration of ONBs
in R28-treated cells were found to be statistically differ-
ent from normoxic conditions, indicating that there
was no increase in viability. In both cell types, there
was a significant dose-dependent response to the ONBs
(Fig. 7). For R28 cells, in general, the viability was lower
compared with Muller cells when treated with ONBs
under hypoxic conditions.

R28 and Muller cells were subjected to hypoxia
(5% O,, 5% CO,, 90% N») for 6 hours and mitochon-
drial health was evaluated. From the optimization
experiments, the mitochondrial respiration output
was compared with the typical mitochondrial stress
profile (Supplementary Fig. S1A). The FCCP and
cell seeding concentration was determined based on
the oxygen consumption rate. The group with similar
starting oxygen consumption rate values and the
highest maximal respiration plateau was chosen as
the optimized FCCP for cell seeding (Supplementary
Figs. S1B, S1C, S1D, S2). From the optimization
experiments, the optimal concentrations for both the
R28 and Muller cells were 5000 cells/well and the
concentration of FCCP was 1.5 uM (Supplementary
Figs. S1, S2). The cells were then incubated in hypoxia
for 6 hours with the addition of 0.10, 0.50, 0.75
mg/mL of oxygen-loaded NBs, 0.10, 0.50, 0.75 mg/mL
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Figure 7. Viability of retinal cells in hypoxia with ONBs. Muller
and R28 retina cell viability after 6 hours in hypoxia (5% O,) with
varying concentrations of NBs or no treatment. Shell (no O,) groups
were treated with a concentration of 0.5 mg/mL. Data are shown as
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of shells (no O,), or no treatment and the maximal
mitochondrial respiration was measured from the
Seahorse Mitochondrial Stress Test. Hypoxia causes
ROS to form, which ultimately damages the mitochon-
dria of the cells, potentially resulting in lower respira-
tion efficiency. The mitochondrial damage decreases
the maximal respiration as evaluated by the Seahorse
assay. It is shown that the ONBs have a significant
effect on maximal respiration compared with untreated
cells (Fig. 8). In the Muller and R28 cells, the ONB
groups had a significantly higher maximal respira-
tion compared with the no treatment groups (Fig. 8).
Additionally, in the Muller cells there was a significant
dose-dependent response indicating a higher ONBs
concentration contributes to greater protection of the
mitochondria during hypoxia.

Safety of ONBS In Vivo

Rabbits were evaluated 7 days after intravitreal injec-
tion. At the time of evaluation, there were no clini-
cal signs of toxicity during gross examination. General
ophthalmic examinations revealed no signs of ocular
toxicity in all the animals tested, regardless of the group
(Supplementary Table S2). Additionally, there was no
change in body weight (Supplementary Table S1) or
change in the IOP (Fig. 9A, Supplementary Table S3).
The cornea and conjunctiva, anterior chamber and
iridocorneal angle, anterior uvea, lens, posterior and
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%k kk

* %k %k %k

4.00 +

3.00 +
* % % ok

% 3k %k %k

2.00 +

Maximal Respiration (pMol/min/1,000 Cells)

ONB | ONB | ONB |Shell | Shell | Shell

Muller

ONB | ONB | ONB | Shell | Shell | Shell
R28

Figure 8. Maximal mitochondria respiration after hypoxia and ONB treatment. After exposing R28 and Muller cells to 6 hours of hypoxia
with three concentrations of oxygen-loaded dextran NBs, a dose-dependent protection of mitochondria maximal respiration was observed.
Cells were seeded at 5000 cells/well and treated with an FCCP concentration of 1.5 uM. NT, no treatment. Data are shown as the mean £+

standard deviation, with n = 8. ****P < 0.00001; ***P < 0.0001.
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Figure 9. Safety of ONB in vivo. (A) Change in the IOP of rabbit eyes after injection of saline or ONBs. Data shown as mean =+ standard
deviation with n = 6. (B) Representative images of rabbit retinas 7 days after injection. Rabbits were intravitreally injected with either saline
(top: 101L, 102L, 103L) or ONBs (bottom: 104L, 105L, 106L). Scale bar, 20 um. Original magnification x40.

vitreous chambers, choroid and retina, sclera and optic
nerve, and orbital tissue were all examined and found
to have no abnormalities (data not shown). In the
retina, there were no noted abnormalities (Fig. 9B).
Last, although there was an increase in IOP after injec-
tion, there was no significant difference in IOP between
the saline and ONBs groups at any stage (Fig. 9A).

Discussion

NBs have been proposed as a potential treat-
ment to mitigate cancer hypoxia and as an imaging
agent.”>?7-42 Recently, ONBs have been shown to
rescue cells and tissues from hypoxia owing to their
ability to deliver oxygen to the hypoxic regions in
chronic wounds in vitro*-** and in vivo* and proposed
as a possible treatment for coronavirus disease 2019.4
In ophthalmology, NBs have been researched as a deliv-
ery agent to the retina in vitro,®* as well as in bovine
and porcine explanted eyes.®’ Herein, we propose an
ONBs formulation that is sterile, stable, and safe to
treat retinal hypoxia during an ischemic event, such as
CRAO.

NBs are spherical particles with an outer shell and
an inner gas core, which are tunable during synthesis.
Many substances, such as liposomes and synthetic or
natural polymers, have been used to entrap gases, drugs,
and other payloads.”!-®> The innate characteristics of
the shells will determine the pharmacokinetics, stabil-
ity, efficiency, and release of the payload. An in-depth
review of NBs as drug delivery vehicles is provided
elsewhere ?%:63.64

The ONBs synthesized were found to have a hydro-
dynamic diameter of 218.71 + 51.05 nm. Many other

investigators have used perfluorocarbons owing to their
ability to dissolve large amounts of oxygen3’:38.63.66
and the reported size of the NBs varied between
160 and 860 nm.?”-38:96.67 This wide range confirms
our findings and depicts the vast range of NB sizes.
There are few similar dextran-shelled NBs, which
reported sizes of 590.00 nm,*® 348.45 4+ 7.30 nm,®
596.35 &+ 194.09 nm,”® and 486.87 + 147.62 nm.”!
Compared with the NBs synthesized here, other
dextran-shelled NBs are larger with wider standard
deviations. The zeta potential values reported were —
25.00 mV,%® —53.27 4 5.96 mV,* —25.68 &+ 1.00 mV,”°
and —27.31 £ 1.00 mV.”! The ONBs produced here had
a similar zeta potential of —58.8 & 1.3 mV. The small
changes in the shell excipients could contribute to the
changes in both the size and zeta potential.

When perfluorocarbons were used to store oxygen,
the release profiles yielded 10 mg/L,*® 30 mg/L,’” or
6 mg/L7> of oxygen. Other’s reported dextran NBs
showed 0.43 + 0.01 mg/mL of oxygen’! or 4.573
mg/mL.>> Comparing the moles of oxygen released
per liter, the ONBs synthesized here released similar
amounts of oxygen to that of other dextran-based
NBs.>>7! Even though perfluorocarbons allow more
oxygen to dissolve, the ONBs had similar release
compared with two other reported perfluorocarbon-
based, oxygen-loaded NBs (Table 1).%7-3¥ However,
the synthesis methods used in this work are faster,
contain excipients that are FDA approved or marked as
Generally Regarded as Safe, easier to scale up, and,
most important, safe for the retina.

To determine whether the ONBs were endocytosed
or simply released oxygen into the surrounding media,
the ONBs were incubated with retinal cells. From our
experiments, the cells incubated with ONBs were taken
up in a dose-dependent manner (Fig. 5A) as visualized
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Table 1. Properties of ONBs and Oxygen Release Characteristics
Oxygen Released
Reported Oxygen Perfluorocarbon (umol O,/L
Release Shell Material Used Bubbles) Size (nm) Reference
5.61 +£0.47 mg O,/L Dextran None 156.34 218.71 £+ 51.05 -
3000 nL O,/uL Dextran None 134.05 119.6 £ 449  Fayyaz 2021°?
4.5 mg/L Dextran Perfluoropentan 140.71 550 £ 30 Cavalli 200973
0.43 £0.01 mg Dextran Perfluoropentane 134.45 486.87 + 147.62 Prato 2015”"
Oz/ml_
6 mg O,/L RBCs 1-bromohepta- 938.08 130 Zhuge 202272
decafluorooctane
8.5 mg O,/L DSPC,DPPG,  1H-1H perfluoro- 312.69 263.2 + 103 Song 2018%
DSPG-PEG lipid octan-1-ol
with PEG
30 mg O,/L C18PMH-PEG Perfluorohexane 187.62 193 Song 201 737

PEG = Polyethylene glycol.

with dark field imaging (Fig. 5B). Others’ using
dextran as the main shell material did not quanti-
tatively estimate NB uptake. In general, the Muller
cells have a higher uptake of ONBs compared with
R28 cells, shown both quantitatively and qualitatively
(Fig. 5). It has also been demonstrated that dextran,
the main chemical constituent of the ONBs synthe-
sized in this work, can interact with mannose recep-
tors on cells.”®>’* Because Muller cells have a higher
expression of mannose receptors™ and the R28 cells
lack thereof,*® Muller cells were noted to readily uptake
ONB:s. Although R28 cells do uptake the ONBs, the
uptake rate is much slower. When dextran particles
bind to mannose receptors, the cell membrane begins
to cluster around the bound particle, and subsequently
facilitates endocytosis.” It is suggested that the binding
of ONBs to the mannose receptors on the cells could
contribute to an increase in cellular uptake that could
potentially affect treatment efficacy.

To ensure that ONBs do not adversely affect
cell function and safety, sterility, ROS, and super-
oxide levels were evaluated. The NBs, water, and
media groups were all statistically similar in the steril-
ity study and showed no bacterial growth for more
than 14 days. Additionally, there were significantly
lower ROS and superoxide levels than their respec-
tive positive controls (Figs. 4B, C), indicating that
ONBs do not contribute to ROS generation. There
is a slight increase in ROS and superoxide in Muller
cells. Jones et al’* suggested that dextran binds
to mannose receptors to block tissue plasminogen
factor uptake in rat liver endothelial cells. However,
only larger molecular weight dextran causes the cell
membrane to cluster around the dextran. Addition-

ally, Broderick et al.>> showed that retinal microglia

had mannose receptor-mediated uptake of dextran-
FITC, which is considered to be clathrin-mediated
endocytosis.”® The increase in ONBs uptake could
correlate with an increase in ROS and superoxide
detected. Previously published work on ONBs have
shown that these are well-tolerated, but do not indicate
whether the addition of oxygen causes ROS species to
be produced.’>’""7> The exception was when oxygen
was supplied to create ROS species to enhance photo-
dynamic therapy.’>7¢

Next, the viability of cells exposed to various
concentrations of ONBs was evaluated. At all tested
concentrations, no significant difference was observed
between the NT and the dextran shell concentrations
(Fig. 6A). Last, the ONBs were stained for dsDNA
damage. Figures 6B and 6C depict that there was no
dsDNA damage at all of the concentrations tested in
both Muller and R28 cell lines.

After determining that the ONBs are not toxic to
the retinal cells, the efficacy of the bubbles was tested.
The ONBs were able to successfully provide a viable
environment for Muller cells to grow, when subjected to
a hypoxic environment. The NT hypoxia, 0.1 mg/mL,
0.5 mg/mL, and all shell concentrations were found to
be significantly different from NT Normoxia, indicat-
ing that these concentrations did not improve the
viability of Muller cells. The 1.00 and 0.75 mg/mL
ONB treatments were found to be significantly differ-
ent from the no treatment hypoxia, and, therefore,
contributed to improving cell viability. Additionally,
both 1.00 and 0.75 mg/mL were found to be not signif-
icantly different from the NT normoxia group. This
indicates that the 1.00 and 0.75 mg/mL dosage of
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ONBs was sufficient to sustain cell growth in hypoxia
that is similar to that of cell growth in normoxic condi-
tions of Muller cells for 6 hours (Fig. 7). Compar-
ing the shell and ONBs, one can understand that it
is the oxygen loaded in the ONBs that contributes
to the improved viability, and not the shell compo-
nents. The increase in cell viability could be due to
the higher uptake related to the increased number
of mannose receptors.’>36-3%7* Importantly, a dose-
dependent response to the ONBs was observed, which
could allow higher concentrations of oxygen to be
delivered by increasing the amount of ONB:s.

In the R28 cells, a similar dose-dependent trend
was also noted, where the higher the ONB concentra-
tion, the higher the cell viability. All tested concentra-
tions of ONBs were found to be significantly different
from the NT normoxia, indicating that all groups had a
significantly lower cell viability. However, the 1 mg/mL
dose of ONBs exhibited a significantly higher viabil-
ity compared with untreated cells in hypoxia, indicating
that the ONBs were able to successfully provide oxygen
to improve cell viability, but that oxygen for the doses
evaluated was not sufficient to return the R28 cells to
100% viability.

It was shown that the ONBs can release oxygen
for up to 8 hours (Fig. 3). However, as the in vitro
hypoxic microenvironment becomes more acidic over
time, owing to cells converting from aerobic to anaer-
obic respiration, the pH decreases and a change
in the oxygen release profile of the ONBs will be
observed similar to Figure 4. The change in environ-
ment and, thus, the oxygen release profile, combined
with an increase in the oxygen extraction fraction in
hypoxia,!%11-13:15 will consume a higher percentage of
available oxygen released by ONBs. Cells exposed to
hypoxia for 6 hours and treated with ONBs could be
rescued.

Muller and R28 cells treated with ONBs in a hypoxic
environment for 6 hours showed a significantly higher
maximal respiration than those exposed to hypoxia
alone (Fig. 8). In both the Muller and R28 cell lines,
there was a significant increase in maximal respira-
tion in all ONB-treated groups. All shell groups had
no significant difference compared with the NT group,
which implies that the oxygen supplied by the ONBs
protects the mitochondria. Additionally, the Muller
cells showed a significant dose-dependent response
where an increase in ONBs concentration corre-
sponded with an increase in mitochondrial maximal
respiration. In R28 cells, there was no significant dose-
dependent response. This finding could be attributed to
the higher expression of mannose receptors and uptake
of the ONBs discussed elsewhere in this article. This
additional information supports the hypothesis that the
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ONBs are able to preserve the cells during an ischemic
event.

New Zealand White rabbits were injected with saline
(controls) or ONBs to determine acute ophthalmic
toxicity. There were no clinical differences in body
weight or general clinical signs (Supplementary Tables
S1, S2). Additionally, there was no significant change
in IOP between the saline control and the ONBs
injections at any time (Fig. 9A). Most significantly,
there were no negative ophthalmic signs of injury
(Supplementary Table S3) upon examination by a
board-certified veterinarian. At 7 days after injec-
tion, the retina did not show any decrease in visual
acuity between the treatment and control groups (Fig.
9B). Our in vivo study shows that after injecting the
maximal dose of 25 uL. of ONBs, there were no observ-
able toxicity to the overall rabbit health, especially the
eye.
The ONBs synthesized show excellent controlled
release properties, releasing oxygen over a 12-hour
period in the anoxic environment. Additionally, the
ONBs were safe and were readily taken up by retinal
cells. Notably, the ONBs were able to significantly
increase the viability of Muller and R28 cells in
hypoxia. Seahorse experiments to assess mitochon-
drial health indicated that both Muller and R28
cells in hypoxia had significantly higher mitochondrial
maximal respiration upon ONBs treatment compared
with the NT group. In vivo toxicity tests showed no
differences in clinical signs, ophthalmic examinations,
or retinal health in rabbits injected with either saline or
ONBs. Further animal ischemia models such as laser
vascular occlusion model and carotid occlusion model
will be used, which closely replicate human retinal
ischemia.

The ONBs described here are not limited to
retinal diseases alone. Other potential applica-
tions have been demonstrated in chronic wound
healing,**#3-71:77 hypoxemia, and in treating hypoxia
in cancer.??28.29,31,33-36,38-40.73.78 " Eor - ophthalmic
diseases, the ONBs could be injected via a standard
aseptic pars plana intravitreal injection technique
using a 30G needle, which is performed routinely in
ophthalmology offices. Currently, for CRAO there is
no proven efficacious treatment, thus our intervention
could be highly relevant. For more chronic ischemic
ocular conditions such as retinal vein occlusions and
diabetic retinopathy, the ONBs can potentially serve
as an adjuvant to intraocular anti-vascular endothelial
growth factor treatment and intraocular steroids. The
treatment will be useful any time during the 36-hour
window. However, time-dependent ischemic damage
could occur and the efficacy of ONBs likely to be lower,
when applied beyond the treatment threshold window.
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Ischemic optic neuropathy and neurotrophic keratitis
are other conditions in the eye that may benefit from
the ONBs described herein. Overall, ONBs described
in this work have extended oxygen release properties,
are nontoxic, and have the potential to rescue retinal
cells from hypoxia and hence can be a promising
treatment option to rescue the retina from an ischemic
insult.
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